Hierarchical porous carbon has attracted great interest because of its distinctive structure and superior properties for designing electrochemical energy storage & conversion devices. In this work, we report a novel method to fabricate nitrogen-doped hierarchical porous carbon (NHPC), which is incorporated with Co nanoparticles and carbon nanotubes (CNTs). The NHPC is prepared using a facile and scalable MgO-Co template method. Metal nitrate-glycine solution combustion synthesis (SCS), followed 2 by a high temperature calcination, is used to prepare MgO-Co/N-doped carbon precursor. CNTs are formed by the in-situ Co-catalytic growth during heat treatment; at the same time, localized graphtic layers are also formed around the Co nanoparticles.
Introduction
Electrochemical oxygen reduction reaction (ORR) plays critical roles in many energy storage and conversion technologies, including metal-air batteries and fuel cells.
To date, platinum (Pt) and Pt-based materials are used for efficient ORR catalysts, however, their wide application have been hindered by the high-cost and scarcity of Pt.
Therefore, there is an urgent demand to search high-efficient and nonprecious metal catalysts to reduce the system cost and improve the catalytic stability. [1] [2] So far, a number of efforts have been devoted to explore various cost-effective alternatives, such high temperature (step 2). With the addition of cobalt precursor in the raw material, metallic cobalt was easily formed by carbothermal reduction. During the heat treatment, metallic cobalt nanoparticles acted as the catalysts for the in-situ growth of CNTs as-incorporated in the composite matrix. Finally, after being leached with acid solution (step 3), NHPC as-incorporated with CNTs and cobalt nanoparticles can be produced.
The characterization of the samples at different stages is shown as following.
During heating-up the nitrate-glycine gels under Ar atmosphere, the SCS reaction was observed near 300 °C, which was featured by the emission of a large amount of gases in a few seconds. At the same time, if a thermocouple was inserted in the reactant to monitor the temperature change, an increasing temperature jump could be observed, indicating a typical self-sustaining exothermic reaction. The SCS reaction with excess amount of glycine fuel under Ar atmosphere was gentle as-compared with those under near stoichiometric conditions and under air atmosphere. [41-42, 50, 52-53] Black and foamy carbonaceous samples were collected, which were further pulverized and heat-treated at microns are found to be formed in the particles. These macropores are considered to be formed during the SCS process. At a large magnification, cubic MgO particles in the size of 50-100 nm are observed for sample Mg-n3-800. However, such cubic particles are not confirmed for sample MgCo-n3-800; in contrast, nanoparticles of approximately 10 nm are observed to be embedded in the composite matrix. These 10 nm nanoparticles are Co nanoparticles since the high atomic-number element are contrastingly observed under an SEM view. This is also confirmed by transmission electron microscopy (TEM) observation in Figure S3 (SI). Some nanowires are also observed in sample X-ray energy dispersive spectrometry (EDS) was used to identify the elemental composition of those samples, as shown in Figure S4 (SI), and the composition difference of the Co peaks is confirmed.
Structural and morphology characterization of the porous carbon
To obtain the final carbon materials, the above MgO/N-C and MgO-Co/N-C composites were leached with HCl solution to remove soluble substances. XRD patterns of the samples are presented in Figure 2 (a). There are two broad peaks at approximately 25 and 43 °, corresponding to the (002) and (100) planes of graphitic carbon, respectively. These patterns of the carbon materials suggest a low graphitization degree.
The graphitization degree of sample MgCo-n3-800 is slightly higher than that of Mg-n3-800, as-evidenced by the peak intensity of the (100) plane which is almost invisible for Mg-n3-800. Raman spectroscopy has been widely used to characterize carbon materials and is sensitive to slight changes of C-C bonds of carbon materials. [54] [55] As presented in Figure 2 (b), a prominent D-band is located at approximately 1350 cm -1 , which is associated with a defective or disordered carbon structure. The typical G-band at approximately 1585 cm -1 is related to ordered sp2 bonded graphitic carbon. Generally, the D-band/G-band intensity ratio (I D /I G ) represents under SEM observation, the N-peak is observed for the Mg-n3-800 carbon, whereas the N-peak for MgCo-n3-800 is indistinct.
The functional groups and bonding characteristics of the samples were further performed on XPS. As shown in Figure 2 . [58] [59] The N binding configuration for sample
Mg-n3-800 includes 45.9% pyridinic N, 45.6% pyrrolic N, and 8.5% quaternary N, respectively. These values for sample MgCo-n3-800 are 41.8%, 25.1%, and 33.1%, respectively. The results are summarized in Table 1 . The content of the graphitic N for sample MgCo-n3-800 is higher than sample Mg-n3-800, which is due to the catalytic graphitization effect of Co, introducing a better electrical conductivity of the referred carbon sample. Pyridinic N and quaternary N are the majority for sample MgCo-n3-800, which is favorable for enhancing the ORR performance because these two types of N species are usually considered to be active sites for ORR. [60] [61] [62] The specific surface area and pore size distribution of the carbon materials were measured by a nitrogen adsorption-desorption experiment. Figure 3 (a) shows the nitrogen sorption isotherms, which illustrate the typical type-IV curves with obvious hysteresis loops, indicating the coexisting of micropores, mesopores and macropores.
Here, the strong nitrogen adsorption at relative pressure less than 0. samples Mg-n3-800 and MgCo-n3-800, respectively. The specific surface areas, including S total , S external and S micro , and micropore volume were also analyzed by t method. The summarized results are shown in Table 2 . The micropore volumes are 0.23 and 0.61 cm 3 g -1 for Mg-n3-800 and MgCo-n3-800, respectively. It is concluded from the above results that, with the addition of Co, the obtained carbon present higher specific surface area and pore volume. The above structural parameters for the porous carbon are summarized in Table 2 . Figure 4 presents the SEM micrographs for carbon products Mg-n3-800 and
MgCo-n3-800. More SEM images are also presented in Figure S6 . Both samples comprise irregular bulk shapes in the order of several hundreds of nanometers to several tens of microns. Macropores of several tens of nanometers to several microns are found in the bulk materials, and the as-prepared carbon materials have a loose structure. As described previously, these macropores are considered to be formed in the SCS process due to the emission of a large amount of gases. As observed in the SEM image at a large magnification, sample MgCo-n3-800 contains a few nanowires that extrude from the porous carbon matrix. These nanowires are confirmed to be multi-wall CNTs based on TEM examination.
The morphology and structure of the carbon samples were further carefully examined using TEM. Figure 5 (a) presents a typical TEM image for the overview of the obtained carbon at a low magnification and a highly porous structure is confirmed. sufficient active sites besides the C-N active sites. [63] [64] The core-shell structure with void between the core of ultrafine Co nanoparticle and the shell of a few graphene layers also allow the easy access to the active sites. Additionally, a typical high-resolution TEM image for the amorphous porous carbon matrix is shown in Figure   5 (j), which represents multi-pores of several nanometers. It is noted that the features of CNTs, cobalt nanoparticles and localized graphitic layers were not observed in sample
Mg-n3-800.
The use of cobalt in the raw material is essential for the growth of CNTs during heat treatment. In order to confirm the growth process for CNTs, we also performed the following experiments. First, we examined the morphology of the sample after pre-pyrolysis at 500 o C, and we found that CNTs were not formed at this temperature.
Second, the formation of MgO and Co was observed in the samples after pre-pyrolysis and sintering at 800 o C. Third, we performed the thermogravimetric analysis of a pre-pyrolyzed Co(NO 3 ) 2 -glycine mixture under Ar flow, which had reactants of CoO x and carbonaceous materials, and we observed that CoO x was carbothermally reduced to metallic cobalt at temperature higher than ~500 o C. Therefore, the formation of CNTs proceeded with the cobalt catalytic growth at higher temperatures, which have been also observed in several literatures. [65] [66] A proposed growth mechanism for the formation of the CNT-and Co-incorporated porous carbon is illustrated in Figure 1 . A lot of microand mesopores were also created by the removal of the homogeneously distributed MgO or MgO-Co nanocrystals in the carbon matrix.
The above characterization and discussion focused on samples Mg-n3-800 and
MgCo-n3-800 to confirm the effect of the addition of Co on the as-prepared carbon.
Other synthesis parameters including glycine ratio and sintering temperature were also analyzed by preparing samples MgCo-n2.5-800, MgCo-n4-800, and MgCo-n3-900. It is noted that the morphology and structure properties for these three samples are quite similar to sample MgCo-n3-800 as-observed by XRD, SEM and TEM. The through differences, such as specific surface area and nitrogen bonding, of the obtained carbon samples are summarized in Figures S8, S9 , S10, S11 and Tables 1, 2 .
Electrochemical performance
The electrochemical properties of the obtained NHPC samples were evaluated in alkaline (0.1 M KOH) solution using rotating disk electrode (RDE). For ORR, the NHPC with hierarchical pore structure and high surface area is expected to have high activity, which allows easy access to active sites and rapid mass transfer processes. The ORR activity was firstly measured by cyclic voltammetry (CV) in both Ar and O 2 saturated KOH electrolyte at a scan rate of 50 mV s -1 , as shown in Figure 6 (a). In Ar saturated electrolyte, the samples including commercial Pt/C display featureless slopes and no redox peaks are found in the scanned range. However, a well-defined ORR peak centering at 0.81 V vs RHE is found for sample MgCo-n3-800 in O 2 saturated solution, which is comparable to that of Pt/C (0.84 V) and much higher than that of sample Mg-n3-800 (0.58 V), suggesting a good ORR electrocatalytic activity for sample MgCo-n3-800. To further investigate the ORR reaction kinetics, RDE measurements were also conducted at different rotating speeds. Figure 6 (b) shows the linear sweep voltammetry (LSV) curves for sample MgCo-n3-800 at rotating speeds ranging from 400 to 1600 rpm. Based on the Koutecky-Levich (K-L) plots as presented in Figure 6 (c), a direct four-electron transfer pathway is confirmed. The calcination temperature and glycine ratio are also important synthesis parameters for the Co-incorporated samples. Figure 6 (e) shows the catalytic performance of the samples prepared at different calcination temperature and glycine ratio using RDE experiments at 1600 rpm. Sample MgCo-n3-800 displays the best ORR catalytic activity amongst these samples. The ORR activity for sample MgCo-n3-900
as-calcined at 900 ºC is lower than the sample obtained at 800 ºC, which is due to the decreased amount of N-doping at a higher calcination temperature (see Table 1 ). For the samples obtained at different glycine ratio from n2.5 to n4 and calcined at 800 ºC, sample MgCo-n4-800 shows the poorest ORR activity which is due to its lowest specific surface area. Sample MgCo-n2.5-800 displays a slightly lower activity than sample MgCo-n3-800, which is considered to be caused by its slightly lower ratios of N amount.
The stability of sample MgCo-n3-800 and commercial Pt/C catalysts were evaluated by chronoamperometry at -0.4 V vs. Ag/AgCl in O 2 -saturated KOH solution at a rotation speed of 1600 rpm, as shown in Figure 7 (a). The current density for sample MgCo-n3-800 almost remains constant during the long-time holding test.
However, commercial Pt/C loses 16% of its original current density. This result indicates that our material shows higher stability than Pt/C material.
Additionally, for commercialization, an ideal ORR catalyst should be able to afford the crossover of small-molecule fuels, such as methanol, from anode to cathode, since these small-molecules can penetrate through the polymer electrolyte membrane easily, which may decrease the entire cell efficiency. [29, 38] The methanol tolerance property was measured for sample MgCo-n3-800 in comparison with commercial Pt/C catalyst, as shown in Figure 7 were recorded. Pt/C exhibits an apparent current shift immediately after the injection of methanol, while no obvious change is observed for sample MgCo-n3-800. The superior tolerance to methanol crossover effect of sample MgCo-n3-800 further confirms it as a promising cathode catalyst for alkaline direct methanol fuel cells.
The superior electrochemical catalytic performance of the CNT-& Co-incorporated NHPC (MgCo-n3-800) can be explained by its novel hierarchical nanostructure, as presented in Figure 1 . Firstly, the abundant pyridinic N and quaternary N-doped carbon provides a large number of N-C active sites. [17, 32, 67] At the same time, the stabilized ultrafine Co nanoparticles as-confined in graphitized N-doped carbon shells can provide additional active sites. [63] [64] Such core-shell structure with void between the core of ultrafine Co nanoparticle and the shell of a few graphene layers not only allow the easy access to the active sites, but also prevent the unwanted agglomeration of active sites.
Secondly, the high specific surface area and hierarchical porous structure of interconnected macro, meso and micropores, can enhance the penetrability of electrolytes into the interior surfaces, provide efficient electrolyte/mass contact and facilitate fast ion transportation. Furthermore, the open and interconnected pore structure with homogeneously distributed Co, N species can increase the number of exposed active sites and prevent unwanted agglomeration of active sites, which greatly contribute to the enhancement of electrocatalytic activity and stability. Thirdly, the simultaneous incorporation of CNTs and Co nanoparticles can form a 3D percolated network for the fast transport of ions and electrons. [68] [69] [70] [71] [72] [73] Moreover, the CNT-incorporated porous structure is also mechanically strong, avoiding the collapse of electrode structure and agglomeration of active sites.
As beneficial from the synergistic effects of hierarchical pore structure, ultra-small Co nanocrystals, localized graphitic layers, CNTs and N-doping, the NHPC demonstrated high ORR activity, excellent durability and superior tolerance to methanol crossover. Finally, the electrochemical performance of the NHPC is also comparable to that of the best carbon-based ORR catalysts as reported, [9, 31, 37, [63] [64] [74] [75] indicating its possibility as a promising substitute to commercial Pt/C.
Conclusions
NHPC incorporated with CNTs and Co nanoparticles was synthesized using a SCS-initiated MgO-Co template method. The MgO-Co/N-C precursor was prepared by a facile and scalable nitrate-glycine SCS with subsequent calcination. After acid washing, NHPC with high specific surface area was obtained, which also contained macro, meso and micropores. The macropores were formed during the SCS process, whereas the meso and micropores were created by removing the MgO-Co template.
CNTs were formed by in-situ Co-catalytic growth during calcination. Additionally, localized graphitic layers were also formed around the Co nanoparticles. Because of the synergistic effect of high specific surface area, interconnected macro, meso and micropores, nitrogen-doping, localized graphitic layers, and incorporation of Co nanoparticles and CNTs, the NHPC demonstrated high activity, excellent durability and superior tolerance to ethanol crossover as a ORR catalyst, which was comparable to commercial Pt/C. Moreover, the obtained NHPC can also be applied in Li/Na ion batteries, supercapacitors, and adsorbents due to its unique structure. The overall electron transfer numbers per oxygen molecule involved in the typical ORR process were calculated from the slopes of the Koutecky-Levich (K-L) plots using the following equations:
Experimental section

Synthesis of porous carbon:
where j is the measured current density, j L and j K are the diffusion-limiting and kinetic current densities (mA/cm 2 ), respectively. n represents the overall number of electrons 
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